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BRIEF ABSTRACT

Understanding how organisms deal with potentially toxic or fitness-reducing
allelochemicals 1s important for understanding patterns of predation and herbivory in the
marine environment. The ability of marine consumers to tolerate dietary toxins may
involve biochemical resistance mechanisms, which increase the hydrophilicity of
compounds and facilitate their active efflux out of sensitive cells and tissues. While
several allelochemical-responsive detoxification enzymes have been sequenced and
functionally characterized in terrestrial invertebrates feeding on chemically defended host
plants, there is virtually no information concerning the role of these biotransformation
enzymes that may mediate feeding tolerance in marine invertebrates. The objective of
this research was to assess the diversity and dietary regulation of cytochrome P450s
(CYP), glutathione S-transferases (GST) and ABC transporters in the generalist marine
gastropod Cyphoma gibbosum feeding on a variety of chemically defended gorgonian
corals, and to identify those dietary natural products that act as substrates for these
proteins.

Molecular and proteomic techniques identified both allelochemically-responsive
CYPs, and constitutively expressed GSTs and transporters in Cyphoma digestive glands.
Inhibition of Cyphoma GST activity by gorgonian extracts and selected allelochemicals
(1.e., prostaglandins) indicated that gorgonian diets are likely to contain substrates for
molluscan detoxification enzymes. In vitro metabolism studies with recombinant CYPs
suggested those Cyphoma enzymes most closely related to vertebrate fatty acid
hydroxylating enzymes may contribute to the detoxification of ichthyodeterrent
cyclopentenone prostaglandins found in abundance in selected gorgonian species.
Finally, the presence and activity of multixenobiotic resistance transporters in Cyphoma
and the co-occuring specialist nudibranch, Tritonia hamnerorum, suggests these efflux
transporters could function as a first line of defense against dietary intoxication.
Together, these results suggest marine consumers that regularly exploit allelochemical-
rich prey have evolved both general (GST and ABC transporters) and allelochemical-
specific (CYP) detoxification mechanisms to tolerate prey chemical defenses.

Thesis Supervisor: Mark E. Hahn
Title: Senior Scientist, Biology Department, WHOI
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COMPLETE ABSTRACT

Intense consumer pressure in tropical marine ecosystems not only structures the
organization and functioning of marine communities, but has a profound effect on the
phenotype of resident organisms. In order to persist in the midst of extreme predation
and herbivory, sessile benthic marine organisms, afforded with no means of escape, often
produce chemical defenses, termed allelochemicals, which render their tissues
unpalatable or toxic to most potential consumers. Despite the fitness-reducing
consequences of consuming noxious/toxic prey, less mobile consumers, frequently drawn
to their hosts by the chemical refugia they provide, are able to tolerate the toxicological
challenges posed by their prey/hosts. The processes underlying dietary allelochemical
tolerance are likely mediated, in part, by biochemical resistance mechanisms that have
evolved under the selective pressure of host chemical defenses. Although many have
invoked this hypothesis to explain the variation in marine consumer tolerance, few
studies have examined the enzymatic diversity and corresponding metabolism of dietary
allelochemicals.

The shallow Caribbean reefs of the western Atlantic provide an ideal model
system with which to investigate marine consumer detoxification and transport-mediated
resistance to dietary allelochemicals. The ovulid gastropod Cyphoma gibbosum is
considered a trophic generalist, feeding upon at least three families of allelochemically-
rich gorgonian corals. By virtue of its polyphagous diet, C. gibbosum is exposed to a
broad and unpredictable array of gorgonian defenses likely necessitating an equally
diverse set of counterdefense mechanisms. Using a combination of molecular, proteomic
and biochemical approaches, I characterized the diversity and dietary regulation of three
families of xenobiotic resistance proteins and examined the potential of gorgonian natural
products as substrates for these proteins.

Cloning of multiple cytochrome P450 monooxygenases (CYP4) cDNAs revealed
that Cyphoma digestive gland tissues expressed a total of twelve new molluscan CYPs
grouped within three subfamilies, designated CYP4V10, CYP4BK, and CYP4BL.
Expression of CYP4BK and CYP4BL group transcripts was significantly induced in
snails feeding on the gorgonian diet Plexaura homomalla, (known to contain high
concentrations of ichthyodeterrent cyclopentenone prostaglandins), compared to a control
diet devoid of gorgonian chemistry. Both CYP4BK and CYP4BL subfamilies form a
monophyletic clade sharing extensive sequence identity, and in some cases key active
residues, with vertebrate prostaglandin-hydroxylating CYP4A and CYP4F subfamilies,
suggesting that allelochemically responsive Cyphoma CYP4s may have evolved from an
ancestral gene encoding an eicosanoid-metabolizing enzyme. Heterologous expression of
select Cyphoma CYP4s indicated a possible role in eicosanoid metabolism, providing
further evidence of the putative role of Cyphoma P450s in the detoxification of dietary
prostaglandins and supporting the hypothesis that interactions between Cyphoma and its
allelochemical-rich prey have contributed to the diversification of some P450 families.

Enzymatic analysis provided evidence for high, constitutive expression of
glutathione S-transferase (GST) activity in the digestive gland homogenates from snails
feeding on all seven allelochemically diverse gorgonian diets. A proteomic approach
(HPLC coupled with LC-MS/MS) identified two major GST mu forms and one minor
GST theta form — the latter being the first identified from a molluscan source - that were



consistently expressed in the same relative proportion in all snail digestive glands
examined. Gorgonian extracts were screened using a bioassay-guided fractionation
approach for their ability to inhibit GST activity; all moderately hydrophobic extracts
contained putative substrates or inhibitors for Cyphoma GSTs, suggesting that the
constitutive expression of catalytically versatile enzymes may provide a competitive
advantage for generalists that encounter a tremendous diversity of gorgonian defense
compounds.

To further determine whether specific gorgonian allelochemicals could be
substrates for consumer GSTs, | examined the prostaglandin-mediated inhibition of
Cyphoma CDNB-conjugating GST activity. Enzymatic analysis indicated that
prostaglandin A, the series found in the highest concentration (ave. 2% dry weight) in
gorgonian tissues, 1s a competitive inhibitor — and therefore likely a substrate — of
affinity-purified Cyphoma GSTs. Conservative estimates of the in vivo concentration of
prostaglandins indicate that GSTs would be operating at or near their physiological
capacity in Cyphoma digestive gland tissues, and thus may represent effective
mechanisms for prostaglandin deactivation and metabolism.

Finally, the presence and function of multixenobiotic resistance (MXR)
mechanisms were demonstrated in the generalist Cyphoma gibbosum, and a co-occurring
specialist nudibranch, Tritonia hamnerorum, which consumes a single species of
gorgonian coral and sequesters its host’s dietary defenses for its own protection. MXR
expression was compared between consumers using immunochemical approaches and
this analysis revealed that P-glycoprotein was expressed in the nudibranch tissues
localized to areas with the highest exposure to gorgonian allelochemicals (i.e., gut lumen
and epidermis) - consistent with a role in dietary xenobiotic efflux, while comparable
expression was absent in Cyphoma. A competitive-based dye efflux assay demonstrated
significant MXR-mediated efflux activity in live Tritonia, suggesting that the use of
transport mechanisms may provide protection against dietary toxins. In the present study,
eight partial sequences belonging to both ABCB and ABCC subfamilies were cloned and
characterized from Cyphoma and Tritonia tissues. Predicted protein structure and
phylogenetic analyses indicate shared homologies and possible shared function with
characterized vertebrate xenobiotic resistance efflux proteins. Quantitative estimates of
the expression of the putative glutathione-conjugate efflux protein, MRP-1, indicated
constitutive expression of this transcript in the digestive gland of Cyphoma individuals
feeding on multiple gorgonian diets. The universal expression of MRP transporters in
Cyphoma digestive tissues may facilitate the efflux of putative glutathione-conjugates of
prostaglandin and other lipophilic gorgonian compounds.

The studies described in this thesis provide the most comprehensive investigation
thus far of the three phases of detoxification and transport that may protect marine
consumers from their chemically defended prey. These data indicate that both general
and allelochemical-specific multixenobiotic resistance mechanisms operate in marine
consumers to confer resistance to gorgonian allelochemicals. These findings will
undoubtedly help provide a framework for understanding the profound variation of
consumer tolerance for their chemically rich prey, and more broadly, hold great
significance for understanding patterns of predation and herbivory in marine ecosystems.
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Background

In marine communities, predation plays a pivotal role in affecting the phenotype
of organisms as well as community organization (Duffy & Hay 2001). The intensity of
consumer pressure on coral reefs exerts strong selection on prey to avoid being eaten.
Prey species unable to physically escape or tolerate consumers often produce noxious
compounds, termed allelochemicals, as a mechanism of defense against predation (Paul
1992). Chemically defended prey are often noxious or toxic to most large, mobile
consumers, yet appear to be the target of evolutionary opportunity for smaller, more
specialized consumers (Hay 1991, Faulkner 1992). However, the physiological and
biochemical mechanisms that allow these more specialized marine consumers to tolerate
(1.e., consume, manipulate, and/or detoxify) dietary allelochemicals are largely unknown
(Sotka & Whalen 2008).

In the field of chemical ecology, rarely have specific adaptive traits been
identified down to the biochemical or genetic level (Berenbaum 2002). Examining how
chemical interactions at the cellular and molecular level shape the behavior of organisms
is paramount in ultimately understanding how chemicals affect the distribution and
abundance of organisms in communities. In terrestrial ecology the success of insects is
due, 1n part, to their use of sophisticated detoxification systems to overcome the chemical
defenses of their plants (Li et al. 2007). Chemical defenses in general are thought to be
an evolutionary driving force behind the development of detoxification genes (Gonzalez
& Nebert 1990). Therefore, understanding the role of these genes in allelochemical

resistance in marine organisms holds potential significance for understanding patterns of
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predation and herbivory in marine systems. While several allelochemical-responsive
CYPs and GSTs genes have been sequenced and functionally characterized in insects
feeding on chemically defended plants, there is virtually no information concerning the
role of these biotransformation enzymes and multixenobiotic transporters in marine

invertebrates that also feed on allelochemically-rich prey.

Introduction

Marine Chemical Ecology

The field of marine chemical ecology examines the role chemicals play in
mediating a diverse array of interactions among marine organisms. With well over 7,000
natural products, termed secondary metabolites, 1solated thus far from marine species
(Harper et al. 2001), chemical ecologists are working to elucidate the ecological roles of
these compounds in marine systems. Taking cues from their terrestrial counterparts,
which had laid the groundwork some thirty years before, marine chemists and ecologists
entered into productive collaborations and began exploring how secondary metabolites
mediated marine consumer-prey interactions (Pawlik 2000). Research in this field has
advanced significantly since the early studies in the 1980’s. Laboratory and field based
behavioral studies have begun to classify compounds as attractants, protectants or
deterrents; however, more recently others have begun to address the physiological and
biochemical mechanisms underlying these responses (Targett & Arnold 2001).

Chemical defenses against predation have been a major focus in marine chemical

ecology, as evidenced by the number of pertinent reviews (Bakus et al. 1986, Hay &
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Fenical 1988, Pawlik et al. 1995, Hay 1996, Paul et al. 2001, Paul & Puglisi 2004). The
existence of chemical defenses in marine organisms and their importance in mediating
predator-prey and plant-herbivore interactions have been well established. Many sessile
benthic invertebrates lack the means to escape consumers and, therefore, have evolved
chemical deterrents to ensure their survival (Faulkner & Ghiselin 1983, Faulkner 1992,
Stachowicz 2001, O'Neal & Pawlik 2002). Although chemical defenses limit predation
and herbivory in tropical marine ecosystems, some consumers still regularly feed on
allelochemically rich organisms. The consequences of consuming defensive metabolites
can be severe and range from reduced growth and reproductive fitness to decreased
survival (Hay 1992, Targett & Arnold 2001). However, for those consumers that
consistently feed on chemically defended prey, behavioral adaptations (e.g. avoidance),
physiological tolerance (e.g. sequestration, membrane impermeability, rapid excretion)
and biochemical resistance mechanisms (e.g. detoxification enzymes) may explain the
ability of these consumers to tolerate dietary allelochemicals (Brattsten 1992a). While
the first two strategies have been documented in the marine environment (Targett 1979,
Targett et al. 1986, Gerhart 1991, Slattery et al. 1998), few studies have investigated
natural product detoxification mechanisms in marine invertebrates as a means of coping

with noxious dietary compounds.

Gorgonian chemical defenses

Gorgonian corals (Phylum: Cnidaria; Subclass: Octocorallia; Order: Gorgonacea)

22



are the most conspicuous group of invertebrates on Caribbean coral reefs (Lasker &
Coffroth 1983), reaching densities of up to 25 colonies m™ (Goldberg 1973); however,
they are consumed by only a limited number of specialized grazers despite their
abundance and the intense predation in these ecosystems (O'Neal & Pawlik 2002).
Gorgonians, also referred to as octocorals, of the West Indian region (Gulf of Mexico,
Antilles, Bahamas, Florida Keys, Bermuda, South America, Caribbean) represent 38% of
the known fauna with over 195 species documented (Bayer 1961). The dominance of
these invertebrates can be attributed, in part, to the variety of metabolites they produce,
collectively known as allelochemicals, which are known potent feeding deterrents
(Rodriguez 1995). Numerous feeding studies (Fenical & Pawlik 1991, Pawlik & Fenical
1992, Paul & Puglisi 2004) with crude organic extracts and pure compounds from
gorgonians have shown that, with the exception of a few, small mesograzers (Lasker
1985, Lasker et al. 1988, Vreeland & Lasker 1989), more mobile, larger grazers, such as
fishes and invertebrates, do not readily consume octocorals. Field-based surveys
assessing the palatability of gorgonians found that the majority of lipid-soluble gorgonian
extracts deterred reef fish at concentrations an order of magnitude lower than those found
in the soft tissues of the corresponding gorgonians (Pawlik et al. 1987).

As of 2001, the subclass Octocorallia accounted for 87% (~1300 compounds) of
all reported cnidarian metabolites, with nearly 500 coming from the order Gorgonacea
alone (Harper et al. 2001). The majority of these compounds are terpenoids, representing
over twenty different skeletal classes with unique substitution patterns and functionalities

(Rodriguez 1995). Diterpenoid metabolites (Cz compounds) represent the largest
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percentage of natural products isolated from gorgonians (~ 73%), while sesquiterpenoids
(Cis compounds) rank second (14%). Two sesquiterpenes - curcuhydroquinone and
curcuquinone - isolated from the octocoral Pseudopterogorgia rigida, are extremely
active as fish feeding deterrents at low concentrations (Harvell et al. 1988). Similar
compounds are well known as secondary metabolites of terrestrial plants and as defensive
compounds of insects in terrestrial systems (Aneshansley et al. 1969, Eisner 1970,
Thomson 1971). The ubiquity of these terpenoid compounds, coupled with their
demonstration of potent feeding deterrence in the marine environment, make them
interesting targets for further investigation (Harvell et al. 1988, Coll 1992).

Acetogenins, prostanoids, and highly functionalized steroids have also been
reported from gorgonians (Rodriguez 1995). Among the most interesting are the
prostanoids, which are produced in large quantities solely in the Caribbean octocoral
Plexaura homomalla (Gerhart 1984, 1986). Feeding assays in the laboratory and on the
reef with prostaglandins isolated from P. homomalla (e.g. 15-PGA; and their hydrolyzed
derivatives), resulted in vomiting or learned aversion to these compounds in fish (Gerhart
1984). Additionally, many interesting sterols have been isolated from gorgonians;
however, information on their defensive function is lacking.

Although these chemical defenses limit predation by most potential consumers,
some relatively sedentary species such as the ovulid gastropod Cyphoma gibbosum,
regularly feed on allelochemically rich octocorals (Harvell & Suchanek 1987, Lasker et
al. 1988, Ruesink & Harvell 1990, Nowlis 1993). Cyphoma gibbosum exclusively feeds

on gorgonians and is considered a trophic generalist, because most available species in
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several gorgonian families are included in its diet (Lasker et al. 1988). Additionally, it
appears that C. gibbosum’s tissues do not mirror the chemical composition of its
octocoral prey (Cronin et al. 1995), suggesting the possibility that C. gibbosum can either
efficiently excrete these compounds or biotransform their dietary allelochemicals to less

toxic metabolites.

Allelochemical biotransformation and transport

Little is known about the role of allelochemical biotransformation in marine
organisms (Kuhajek & Schlenk 2003). In comparison, insect-plant allelochemical
interactions are well understood and may provide a conceptual framework for research to
elucidate the role of biotransformation enzymes in the chemical ecology of marine
invertebrates. In both systems, terrestrial and marine invertebrates must contend with
dietary allelochemicals that can have deleterious effects on their growth, reproduction
and survival (Feeny 1992). Insects that feed on toxin-containing plants possess
biotransformation mechanisms that allow them to exploit a specific subset of chemically
defended plants. Berenbaum and colleagues (Berenbaum 1978, Berenbaum & Feeny
1981) were the first to report that xanthotoxin, a linear furanocoumarin produced from
umbelliferous plants, was toxic to southern armyworms but harmless to the larvae of
black swallowtails. Cohen et al. (Cohen et al. 1989, 1990) later demonstrated that
xanthotoxin resistance in swallowtail larvae was conferred by a suite of cytochrome P450
monooxygenases selectively induced upon exposure to xanthotoxin, and responsible for

the subsequent oxidation of the furanocoumarin. While the dietary allelochemicals may
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be quite different between terrestrial and marine systems, Cyphoma gibbosum may have
similar detoxification mechanisms to that of insects, allowing this molluscan predator to
take advantage of an abundant, energy-rich food source not available to most other
consumers likely lacking such biochemical resistance mechanisms. Despite the
significance of allelochemicals in the evolution of biotransformation enzymes (Gonzalez
& Nebert 1990) and the importance of these enzymes in the detoxification of
anthropogenic xenobiotics (Omura 1999), little attention has been paid to the role of
biotransformation enzymes in the metabolism of the wealth of dietary allelochemicals
from marine organisms.

Biotransformation reactions are just one mechanism by which marine organisms can
defend themselves against allelochemicals. A second approach involves multixenobiotic
transporters (MXT) that may prevent putative toxins from accumulating in the cell in the
first place (Epel 1998). The ability of marine natural products to modulate transporter
activity has been assessed only recently using invertebrate models. Several extracts from
seaweed and phytoplankton species were found to contain potent substrates/modulators
of mussel and sea urchin multixenobiotic transporter activity (Eufemia et al. 2002).
Subsequent crude fractionation of the extracts traced the compounds responsible for the
inhibition of transporter activity in mussel cells to the moderately hydrophobic fractions.
Interestingly, most known substrates for xenobiotic transporters are moderately
hydrophobic, amphipathic, low molecular weight, planar molecules (Bard 2000).
Exposure to these compounds would most likely occur via ingestion as the mussels

actively filter particulate matter from the water column. To combat compound
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accumulation, MXT are highly expressed in the gills of bivalves (Minier et al. 1993,
Smital & Kurelec 1997), one of the primary routes of tissue exposure to dietary
compounds. The tissue distribution (e.g. liver, kidney, digestive tract) of these proteins in
other marine organisms also suggests a parallel role in protection from diet-derived toxins
(Bard 2000). Marine consumers may use similar multixenobiotic transporters to prevent
dietary accumulation of noxious gorgonian compounds in concert with other
detoxification enzymes.

Much of the diversity of biotransformation enzymes in insects may be the result of
co-evolution of prey chemical defenses and predator detoxification mechanisms
(Gonzalez & Nebert 1990, Li et al. 2003). 1 hypothesize that some marine invertebrates
may have undergone a similar diversification of detoxification enzymes to combat the
continuous barrage of defensive compounds produced by their prey (David et al. 2003).
Marine generalists, like Cyphoma gibbosum, may have evolved an array of functional
enzymes based on different selective forces associated with the biochemical defense
profiles of their hosts. Alternatively, selection for resistance to diverse metabolites
among marine generalists may have resulted in the development of an enzyme/transporter
with broad substrate specificities (Li et al. 2003, Smital et al. 2004). Consequently,
understanding the role of allelochemical detoxification and transport in marine organisms
will allow us to determine how predators respond biochemically to dietary metabolites,
and will contribute to a more general understanding of dietary preferences and patterns of

predation on the reef.
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Mechanisms of detoxification and transport

The detoxification and excretion of xenobiotics, which can broadly be described by
three phases, involve highly complex processes that are able to respond to an organism’s
chemical environment. Biotransformation is the process by which nonpolar compounds
are converted to more water-soluble chemicals that are more easily excreted from the

body (Figure 1).

Figure 1. Overview of allelochemical metabolism and transport (reproduced from

Sotka & Whalen 2008)
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In general, the biotransformation of xenobiotic compounds is accomplished by a limited

number of enzymes with broad substrate specificities. The reactions catalyzed by these
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enzymes can be divided into phase I and phase 11 (Williams 1959). Phase Il processes
involve the energy-dependent transport of multiple structurally and functionally unrelated
xenobiotics across a variety of cellular membranes (Litman et al. 2001). Select phase 111
transport proteins prevent the retention of toxicants in cells and tissues and are
complementary to both phase | and II reactions in minimizing xenobiotic toxicity. All
three phases have previously been studied in marine invertebrates; however, these studies
have focused primarily on their role in the metabolism and transport of anthropogenic
compounds (e.g. polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), pesticides; reviewed in (Galgani et al. 1996, Eufemia & Epel 2000, Snyder
2000). The participation of detoxification enzymes in the metabolism of dietary
allelochemicals in terrestrial systems has been extensively documented (Scott et al. 1998,
Lietal. 2007) and I hypothesize that these enzymes may have similar functions in marine

organisms.

Phase I — Cytochrome P450

The most familiar phase I reactions involve the addition of a polar functional
group (e.g. hydroxyl) onto a compound to increase its hydrophilicity and facilitate
excretion. These reactions are accomplished primarily by a suite of inducible enzymes
collectively termed cytochrome P450 monooxygenases (CYPs) (Parkinson 2001) found
in terrestrial and aquatic organisms ranging from bacteria to vertebrates (Omura 1999).
CYPs comprise a large superfamily of heme-thiolate proteins that metabolize a wide

range of endogenous and exogenous hydrophobic compounds. Embedded in the
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endoplasmic reticulum (ER), the cytochrome P450 enzyme can insert one oxygen atom
from molecular oxygen, O,, onto the substrate as it is held at the active site by lipid
interaction. The combination of a relatively non-specific and loose lipid interaction to
bind a substrate and an activated oxygen radical to oxidize it makes the reaction
mechanism of cytochrome P450 extremely powerful (Brattsten 1992a). In addition to
hydroxylation reactions, CYPs catalyze several other types of oxidation reactions
including: epoxidation of double bonds, heteroatom (S-, N-, and I-) oxygenation and N-
hydroxylation; heteroatom (O-, S-, and N-) dealkylation; ester cleavage; and
dehydrogenation (Parkinson 2001).

Each functional gene appears to encode a unique enzyme (Nelson et al. 1993)
roughly 500 amino acid residues in length (Omura 1999). Different cytochrome P450
genes are assigned to different families according to their degree of sequence identity
(families share > 40% identity; subfamilies share > 55% identity) (Nelson et al. 1993). A
comparison of all eukaryotic CYPs found minimal conservation of residues with the
exception of amino acids involved in structural conservation in the core of the protein
around the heme (Werck-Reichhart & Feyereisen 2000). The heme binding loop,
considered to be the “P450 fingerprint region”, contains the most characteristic P450
consensus sequence, including the absolutely conserved cysteine that serves as the fifth
coordinating ligand to the heme iron. Other conserved sequences include the Glu-X-X-
Arg motif in helix K, which participates in core structure stabilization, and the oxygen
binding pocket in the I helix involved in oxygen activation and transfer of protons to the

active site (Werck-Reichhart & Feyereisen 2000). Microsomal P450 binding and
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insertion into the membrane is mediated by a hydrophobic amino-terminal sequence
(‘“*signal anchor sequence”), leaving the bulk of the enzyme exposed to the cytoplasmic
side of the ER. Adjacent and down stream to the anchor sequence is a proline-rich/basic
region that may serve to join the membrane-binding N-terminus to the globular region of
the P450 (Graham-Lorence & Peterson 1996). Variable regions throughout the gene are
associated with substrate binding and recognition and are often referred to as substrate-
recognition sites or SRSs (Werck-Reichhart & Feyereisen 2000). The flexibility of SRS
regions allows for structurally variable substrate binding and catalysis.

As of February 2008, there are a total of 7232 known CYP sequences, excluding
variants and pseudogenes, representing 781 families (designated by number)

(http://drnelson.utmem.edu/CytochromeP450.html). In animals alone, 110 P450 families

have been described encompassing 2565 named sequences. The broad substrate
specificity and inducible nature of many CYPs are consistent with their proposed central
role in feeding habits, since generalist consumers can be expected to encounter a broad
array of allelochemicals in their diet. The enormous metabolic diversity of the P450-
dependent monooxygenase system provides a comprehensive protective mechanism
against a wide variety of xenobiotics (e.g. chemical defenses, hydrocarbons, etc) for
organisms challenged with these compounds on a daily basis (Simpson 1997, Mansuy
1998).

For many invertebrates, the true number of P450 genes is unknown. However,
sequencing of insect genomes shows extensive proliferation and divergence in both

Drosophila melanogaster and Anopheles gambiae resulting in 90 and 100 annotated P450
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genes (http:/p450.antibes.inra.fr/) representing S families: CYP4, CYP6, CYP9, CYP18

and CYP 28. The extreme diversification of P450 forms and the acquisition of new gene
functions are believed to have occurred via gene duplication events (Berenbaum 2002).
To fully understand the evolutionary diversification of P450s, research has focused on
identifying individual isoforms that metabolize specific dietary compounds (Berenbaum
1983, 1991, Cohen et al. 1992, Petersen et al. 2001), which may have acted as selective
agents to promote P450 diversification. For example, furanocoumarin-containing host
plants are all but ignored except by a few lepidopterans in the genus Papilio. The
molecular basis of furanocoumarin resistance in P. polyxenes has been attributed to the
constitutive expression of CYP6B1v1 and CYP6B1v2, which encode furanocoumarin-
metabolizing P450s (Cohen et al. 1992, Ma et al. 1994) and contain a highly conserved
furanocoumarin-responsive xenobiotic response element required for basal transcription
and inducibility (Petersen et al. 2003). Additionally, specific expression of
furanocoumarin-metabolizing CYPs is only detected in larval feeding stages and not in
adults, eggs, or pupae, suggesting a function consistent with the dietary metabolism of
toxic furanocoumarins (Harrison et al. 2001).

The polyphagous lepidopteran Helicoverpa zea also feeds on furanocoumarin-
containing plants, but consumes more than 100 different host plant families with vastly
different chemistry (Kogan et al. 1978). It has been suggested that this insect generalist
can cope with a variety of plant chemical defenses because of the greater diversity,
structural flexibility and functional versatility of its CYP6B genes in comparison to the

specialist P. polyxenes (Li et al. 2004). The cost of increased flexibility, resulting in a
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less efficient metabolism of furanocoumarins, is balanced by the acceptance of a wider
variety of allelochemicals at the catalytic site. C. gibbosum’s CYPs may have similar
biochemical traits which may allow this consumer to be an equally successful marine
generalist.

Many terpenoids isolated from plants, including monoterpenes from Eucalyptus
spp., have been shown to limit feeding by herbivores (Boyle et al. 1999). Marsupials that
fed exclusively on eucalypt leaves containing the monoterpenes p-cymene and 1,8-
cineole use CYP2 and/or CYP3 enzymes to detoxify these natural products (Pass &
McLean 2002). Inhibition of 1,8-cineole metabolism by p-cymene metabolites and other
plant secondary metabolites may impose a significant constraint on foliage consumption
in these generalist marsupials. Inhibitory interactions among dietary compounds may
explain obligatory browsing by generalist herbivores. Likewise, C. gibbosum feeds on
many gorgonians that contain high concentrations of terpenoid compounds, and the
production of these compounds is further increased in response to elevated predation by
this mollusc (Thornton & Kerr 2002). The mobility of C. gibbosum (Birkeland &
Gregory 1975) and the variety of gorgonian corals included in its diet may be explained
by the need for diet mixing in this species (Harvell & Suchanek 1987). It is believed that
consumers are better able to tolerate particular compounds by limiting their residence
time on any one species (Snyder et al. 1998). This mollusc may use similar strategies and

CYPs to detoxify the range of gorgonian terpenes.
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